This project was undertaken to determine whether electron probe x-ray microanalysis (microprobe analysis) could be utilized to determine the subcellular sites responsible for low sodium-induced calcium accumulation in myocardium. Ultrathin cryosections of rabbit papillary muscles were analyzed using microprobe analysis, and the concentrations (mmol/kg dry wt) of Na, Mg, P, S, Cl, K, and Ca were compared against low sodium (36 mM) and control (139 mM NaCl) muscle groups. Visual resolution of junctional sarcoplasmic reticulum in freeze-dried myocardial sections was achieved, and systematic analysis of junctional sarcoplasmic reticulum and sarcolemma was performed. Myofibrils and mitochondria were also analyzed. Reductions in Na and Cl concentration were measured in virtually all compartments of muscles bathed in low sodium. In addition, low sodium produced a doubling of junctional sarcoplasmic reticulum and sarcolemmal calcium concentrations (p<0.01). No significant changes in calcium were observed at other analyzed sites. The increased calcium at the junctional sarcoplasmic reticulum and sarcolemma correlates with (but may not completely account for) the threefold Increase in contractility measured after 40 minutes in low sodium concentrations. This work demonstrates that elemental changes associated with the myocardial junctional sarcoplasmic reticulum and sarcolemma are amenable to direct, in situ microprobe analysis and further defines these structures as primary sites of calcium accumulation in low sodium concentrations. (Circulation Research 1987;60:246-250) 
T he sarcoplasmic reticulum (SR) and sarcolemma (SL) are both considered important regulatory sites controlling the concentration of calcium in the heart. However, their relative roles in providing calcium for excitation-contraction coupling is debated. 12 A lack of knowledge about the elemental composition of SR and SL in situ has limited attempts to elucidate the participation of these structures in myocardial function. Many studies have relied on either indirect kinetic and pharmacological data and/or isolation of subcellular structures. More direct measurement of calcium at such small subcellular sites in intact myocardium could yield essential information.
Electron probe x-ray microanalysis (EPMA) can provide direct, in situ analysis of calcium and other elements, 34 but its application to cardiac muscle has been limited by the apparent inability to visualize cardiac SR and SL in unstained, freeze-dried cryosec-tions. To date, only one other laboratory has claimed to analyze cardiac SR and SL using EPMA. 5 -7 The data presented here show that concentration changes associated with both the junctional SR (JSR) and the SL of myocardium can be analyzed in freezedried cryosections. In comparing control papillary muscles with those exhibiting low sodium-induced inotropy, EPMA measurements demonstrate significantly increased amounts of Ca associated with both SL and JSR in the presence of low extracellular Na concentration.
Materials and Methods
The methods used for tissue handling and EPMA were similar to those described previously. 89 Male New Zealand white rabbits (1.4-1.8 kg) were anesthetized with Halothane and the hearts removed. Papillary muscles were dissected from the right ventricle, taking care to maintain rest length and oxygenation. They were positioned in a superperfusion bath, where they were stimulated at 0.3 Hz, and their isometric force development was recorded. Performance was ascertained at 25° C in a bicarbonate-buffered Ringer's solution containing 2 mM CaCl 2 , and only muscles that demonstrated at least 4 g developed tension/cm 2 crosssectional area were used for further experimentation. For the remainder of the physiological portion of the experiment, the muscles were maintained at 28° C in a HEPES-buffered solution containing 1 mM CaCl 2 . These changes resulted in a decreased but stable developed force.
The initial Ringer's bicarbonate solution contained 124 mM NaCl, 5.2 mM KC1, 1.2 mM MgSO 4 , 18.0 mM NaHCO 3 , 6.2 mM dextrose, and 2.0 mM CaCl 2 , and was maintained at pH 7.4 by continuous aeration with 95% O 2 and 5% CO 2 . The control experimental solution contained 139 mM NaCl, 5.0 mM KC1, 1.2 mM MgCl 2 , 6.0 mM dextrose, 6.0 mM HEPES, and 1.0 mM CaCl 2 . In the low Na experimental solution, NaCl was reduced to 36 mM and 190.6 mM sucrose was isosmotically substituted. Both solutions were pH 7.35 at 28° C and were continuously oxygenated during use. Five percent (wt/vol) dextran (clinical grade, MW 83,000, Sigma Chemical Co., St. Louis, Mo.) was added to control and low Na perfusates during the final 40 minutes. It had no demonstrable functional effect, but served as a matrix to help retain extracellular fluid in situ within freeze-dried sections.
Single papillary muscles from 8 rabbits were divided into two experimental groups: 4 muscles (control) were superperfused for 70 minutes with a HEPESbuffered Ringer's solution containing normal Na (139 mM NaCl) and 4 muscles (low Na) were superperfused with the control solution for 30 minutes, followed by an additional 40 minutes in a similar solution containing 36 mM NaCl. At the end of the 70-minute experimental period, the muscle was removed from the bath and rapidly frozen against a liquid helium-cooled copper block in a modified freeze-slammer. Freezing occurred 30-45 seconds after the last stimulation.
Ultrathin (150-200 nm thick) sections were cut from the muscles at -120° C using a cryoultramicrotome. The sections were sandwiched between carboncoated Formvar on copper grids, and transferred in the frozen hydrated state into a JEOL 100CX microscope by means of a Gatan cryotransfer stage. The muscle sections were dried in the microscope at -120 to -9 0° C, 10 then probed at -1 2 0° C in the scanning transmission (STEM) mode. A focused electron beam (probe) of 3 nA was obtained from tungsten filaments at 100 kV acceleration voltage. The probe was rastered over selected regions of the sections for 350 seconds and the x-rays generated were analyzed by an energy dispersive spectrometer. The resulting spectra were corrected for background film counts and converted to concentrations in mmol/kg dry wt by the Hall peak-tocontinuum ratio method 3A using a least-squares fit procedure. Na, Mg, S, P, Cl, K, and Ca were measured simultaneously. Deconvolution of the overlapping calcium K a and the potassium K 3 peaks was accomplished as previously described. 89 A total of n individual analyses of each subcellular component was obtained from at least 3 of the 4 muscles in each group. Student's t test was used to assess the significance of differences between the two groups; p < 0 . 0 5 was required for a significant difference.
Results
Isometric tension of isolated papillary muscles superperfused with a normal Na containing solution (139 mM NaCl) was compared with muscles superperfused with low Na (36 mM) solution for 40 minutes. The developed force of the control muscles averaged 1.58 ± 0.37 g/mm 2 (mean ± SEM), and the developed force of the low sodium muscles before low Na + exposure was similar (1.43 ± 0.06 g/mm 2 ). Upon exposure to the low Na solution, the developed force rose markedly without an accompanying rise in rest tension. The developed force then declined somewhat during the initial 15-minute exposure to low Na, reaching a plateau that was maintained over the remainder of the 40minute period. The final force developed in low Na (4.92 ± 0.36 g/mm 2 ) was at least three times greater than that observed under control conditions (p < 0.01). Figure 1 depicts the morphological detail attained by our ultrarapid freezing and frozen thin-sectioning techniques. Mitochondria, sarcomeric structure (myofibrils), cell boundaries, transverse (T) tubules, and JSR were readily djscernable in most sections. The appearance of the JSR observed in these sections conformed in width (approximately 25-30 nm), shape (flattened sac), and position (immediately subadjaceht to the T tubule) to conventional electron microscopic images of this structure in embedded, stained muscle sections ( Figure 1A) .
JSR, as identified by these criteria, was analyzed by centering a rectangular raster (approximately 18 nm wide) within its visible boundaries. The x-ray spectra yielded elemental concentrations ( Figure 2 ) qualitatively similar to those previously measured in terminal cisternae of frog sartorius muscles." 13 That is, the phosphorus concentration was higher than that of surrounding structures, while the Na, CL, and K concentrations resembled those measured in the neighboring cytosol (cf. Table 1 ). However, the sulphur (191.7 and 268.4 mmol/kg dry wt for control and low sodium muscles, respectively) was lower than the sulphur in the surrounding subcellular structures for each experimental condition.
The SL was analyzed by centering a 22-nm wide rectangular raster over the cell boundary. The data obtained from this region, which includes the sarcolemma, were compared with those obtained using 22nm wide rasters placed 50-75 nm on either side of the SL. The increases in Ca concentration measured at both the peripheral and T-tubular SL were unaccompanied by comparable changes in Ca in the adjacent cytosol and extracellular fluid (ECF) ( Table 1) .
Na and Cl concentrations decreased in low sodium muscles in all compartments analyzed. In JSR ( Figure  2 ) and most of the other cellular compartments (Tables  1 and 2) , Na and Cl were both reduced to about half their respective concentrations in control muscles. The Na result agrees with the 45% reduction in free Na + activity that is expected from results with Na + -sensitive microelectrodes in sheep Purkinje fibers. 12 The measured Na and Cl in the extracellular compartments decreased 70-75%, consistent with the reduction of NaCl in the superperfusate.
The total concentrations of Mg, P, S, K, and Ca were essentially unchanged between control and low sodium in most muscle compartments. However, significant changes in Ca concentration were noted in three subcellular regions: the JSR (Figure 2) , the peripheral SL, and the T-tubular SL ( Table 1 ).
Discussion
We have succeeded in simultaneously visualizing the junctional SR in myocardium and analyzing its elemental content. Due to the small size of this organelle in myocardium, an earlier attempt using microprobe methods to assess calcium in cardiac JSR was limited to measurements made where JSR was likely to be present but could not clearly be visualized. 5 Alternatively, Wendt-Gallitelli 67 has analyzed intracellular regions that contain Z-rete SR. However, improved standards of freezing, cryomicrotomy, and freeze-drying in this laboratory have facilitated the unambiguous visualization of JSR.
The elemental composition of the JSR is unique in comparison to other subcellular structures, including SL, with respect to phosphorus and sulphur. Results are generally similar to those obtained from terminal cisternae of skeletal muscle." 13 However, the Ca concentrations we measured in myocardial JSR are an order of magnitude less than those reported for terminal cisternae.
Although analyses of JSR were obtained using scanning rasters confined within the organelle's visible boundaries, some x-rays were generated from regions outside its boundaries. This is because the scanned probe is not a discrete point; its electrons follow a Poisson distribution in the specimen plane. From x-rays produced from a knife-edge specimen (cf. Vaughan 14 ) , it was discovered that the electron intensity distribution perpendicular to the knife edge had a standard deviation of 14.8 nm. Knowledge of this distribution allowed us to check the accuracy of concentrations obtained from JSR and SL. Corrections made for the expected x-ray contributions from adjacent ECF and cytosol to control JSR measurements yielded virtually identical values (Ca 6.4 mmol/kg dry wt before correction vs. 6.3 mmol/kg dry wt after correction).
Since the SL bilayer is only about 8 nm wide, its analysis was inherently less precise. Nevertheless, concentration changes at the cell edge that are not mirrored by similar changes in neighboring ECF or cytosol must be due to changes associated with the sarcolemma itself. Therefore, it is suggested that the limitations of spatial resolution do not prevent meaningful observation of changes in the SL and JSR composition, especially as corrections are possible to account for x-rays originating from regions bordering these structures. 13 The differences between control and low Na results are helpful for verifying the ability of EPMA to measure these small sites. Of all the subcellular compartments analyzed, only the peripheral SL, T-tubular SL, and JSR showed significant changes in Ca concentration. These results differ somewhat from EPMA data reported for guinea pig myocardium exposed to a 40 mM NaCl solution (in which sucrose was substituted for NaCl); in that study; Wendt-Gallitelli 7 observed an increase in Z-line-associated SR calcium, but no change in membrane-associated calcium. The reason for this discrepancy is not apparent. In addition to a possible species difference, use of dextran as a stabilizer of extracellular constituents, or slight differences in preparative or analytical procedures 16 might be responsible.
The calcium increase at the SL is consistent with flux studies indicating a doubling of Ca in the rapidly exchanging, La-displaceable pool in neonatal myocytes in 33 mM Na. 17 In addition, low Na has been reported to increase the slowly exchangeable 45 Ca pool in interventricular septal preparations. 18 From our results, this increased slow component of Ca efflux is not correlated with mitochondrial or myofibrillar calcium concentration changes. Whether this slow component Ca is related to the increased Ca in the JSR is uncertain. EPMA will have to be carried out under additional conditions in order, to clarify this point and also to determine whether the additional calcium in the JSR contributes to low Na-induced inotropy.
The SL calcium measured by EPMA is a combination of calcium bound to the SL and of calcium in the diffuse double layer associated with the SL. The methods used here cannot distinguish between elements bound to the SL proper and those accumulated in the diffuse double layer, which extends approximately 1-10 nm from the outer edge of the bilayer." Increased calcium in the diffuse double layer may contribute only were significantly reduced in all compartments for low Na muscles. Other changes in elemental composition were significant in only a few cases, which lie outside the scope of this discussion. •All results are stated as means ± standard error.
minimally to increased contractility, 20 while increased Ca binding at the SL is highly correlated with increased contractility. 2 Low Na solutions such as those used here (reduced ionic strength due to sucrose replacement) are known to promote calcium accumulation in the diffuse double layer. l72° Therefore, the augmented SL calcium seen in low Na may not be responsible for more than a small portion of the inotropic response.
Much of the inotropy is probably related to the effect of the altered Na + gradient on Ca 2+ exchange through the sodium-calcium exchanger. The continued presence of an altered gradient in low Na is supported by the myofibrillar Na data. Assuming that hydration of sarcomeres is 83% and that Na + activity coefficients in myofibrillar and extracellular fluids are the same, aqueous Na^Na, in controls was 10.1, dropped initially in low Na + to 2.6, and returned to 5.5 at 40 minutes.
In conclusion, this paper demonstrates that EPMA techniques can be used systematically to probe the small subcellular structures that play the major roles in myocardial calcium control. Direct measurement of changes in calcium associated with SL and JSR at different phases of the contractile cycle, as well as changes at these sites accompanying other physiological and pathological interventions, should provide long-awaited information about the interrelated roles of these structures in situ.
